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A multiple-microphone-sphere-based localisation model has been developed that predicts 
source location by modelling the cues given by head movement. In order to inform improve-
ments to this model, a series of experiments was devised to investigate the impact of head 
movement cues on the localisation response accuracy of human listeners. It was shown that 
head movements improve elevation localisation response accuracy for noise sources. When 
pinna cues are impaired the significance of head movement cues increases. The improved lo-
calisation resulting from head movement is due to dynamic cues available during the period 
of movement, and not to improved static cues available once the head is turned to face the 
sound source. Head movements improve elevation localisation to a similar degree for band-
limited sources with differing centre frequencies (500 Hz, 2 kHz and 6 kHz), which indicates 
that both dynamic ILDs and dynamic ITDs are used. Head movements do not improve eleva-
tion response accuracy for programme items with less than an octave bandwidth. Head 
movements improve elevation response accuracy to a greater degree for sources further away 
from the equatorial plane.  
1. Introduction 
A listener will often move their head when attempting to localise a sound source1.  The major-
ity of localisation models do not take these head movements into account. By detailing the nature of 
head movement cues, one can better inform a localisation model, creating a more accurate represen-
tation of the human localisation system.  
A multiple-microphone-sphere-based localisation model was developed by the authors2 and 
was shown to effectively predict source location by modelling the cues given by head movement. 
Each microphone pair represented an instant of head motion and by combining interaural cues the 
cone of confusion was resolved. However, as yet it is not clear how listeners combine cues from a 
range of head positions, nor what cues are important in which situations. 
This paper will describe the effect of head movements on a listener’s localisation response ac-
curacy and will quantify how this accuracy varies depending on the stimuli and listening conditions 
present. The paper will investigate elevation localisation in particular, as elevation-aware spatial 
models are less common. The conclusions detailed in this paper will allow a better understanding of 
the nature of head movements as a localisation cue, and can inform the development of an improved 
head-movement-aware spatial localisation model.  
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1.1 Cone of Confusion 
Lord Rayleigh3 gave a detailed description of interaural differences, the auditory system’s 
primary localisation mechanism. Interaural time differences (ITDs) and interaural level differences 
(ILDs) occur because the listener’s ears are located on diametrically opposite sides of the head. 
When both azimuth and elevation are considered, interaural differences do not pinpoint a single 
location; instead they give a locus of possible source positions called the ‘cone of confusion’. The 
most apparent cone of confusion occurs on the median plane; there are no interaural differences at 
any point on this plane. So how do listeners differentiate between sources that are located on a cone 
of confusion?  
Wallach4 proposed that by moving the head the listener could resolve the cone of confusion. 
The auditory system could compare the change in interaural difference for a given angular move-
ment of the head and this would pinpoint a single location in azimuth and elevation. Wallach of-
fered anecdotal experimental evidence that corroborated these assertions, but the analysis was not 
exhaustive and the experimental setup was quite abstract.  
Studies by Wightman and Kistler5 and Perrett and Noble6 sought to verify the existence of 
Wallach’s head movement cue. While conducting similar experiments, the two groups came to dif-
ferent conclusions. Wightman and Kistler asserted that, although head movements were the most 
significant factor in the resolution of front-back confusion, they could find no evidence of improved 
elevation response accuracy. Perrett and Noble showed that when the source programme item con-
tained spectral energy below 2 kHz, head movements did improve elevation response accuracy. 
Why did the two groups come to different conclusions? 
1.2 Response Methods 
One major difference between the two experiments was the response method used to report 
the perceived source location. Wightman and Kistler used a verbal world coordinates method, while 
Perrett and Noble used a head-tracked pointing method. Evans7 stated that verbal response methods 
are unintuitive and often give inaccurate results. Evans also suggested that the location coordinates 
in a verbal response are likely to be skewed given the listener’s egocentric view of space.  
Evans’ statements appear to be conjecture with no statistical evidence but an experiment con-
ducted by the authors showed a laser pointing head response method to be significantly more accu-
rate than both verbal and graphical response methods (Table 1). The head-pointing response method 
was also shown to be more consistent across location, as indicated by a smaller standard deviation. 
Verbal response methods tended to pool around ‘anchor’ locations at 0° and 90°. 
Table 1. Comparison of Response Methods 
Response 
Method 
Mean Azimuth 
Error (°) 
Std. Deviation Mean Eleva-
tion Error (°) 
Std. Deviation 
Head Point 3.2 2.8 7.3 7.4 
Verbal 9.3 12.6 12.1 13.2 
Graphical 8.3 8.7 11.2 9.1 
1.3 Aim of this Paper 
It is possible that Wightman and Kistler’s response method may have hidden any significant 
improvement due to head movement. Furthermore, Wightman and Kistler analysed the listener’s 
response using only scatter plots; no more powerful statistical models were used. Perrett and Noble 
tested sources only on the median vertical plane and left lateral plane. This may have significantly 
reduced the difficulty of the localisation task, which means its relevance to natural listening condi-
tions may be limited8. 
Whether listeners use head movement cues in elevation localisation is unverified by previous 
research. This paper details new investigations into the role of head movements in localisation, by 
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way of listening experiments using a laser-guided head-pointing response method and full statistical 
analysis. The paper aims to address the following questions: 
• Do head movements improve localisation response accuracy? (Section 2) 
• What cues, created through head movement, are used by the auditory system to improve lo-
calisation? (Section 3) 
• Over what frequency ranges do head movements contribute to localisation? (Section 4) 
2. Head Movements in Three-Dimensional Localisation 
An experiment, discussed in detail by Ashby et al9, was devised to investigate whether listen-
ers use head movement cues to localise a sound source.  
2.1 Head Movements & Localisation: Experiment Design 
The experiment asked listeners to report the locations of seventeen loudspeakers distributed in 
both azimuth and elevation on the vertices of a truncated icosahedron. The experiment used a laser-
guided head-pointing response method, loudspeakers were hidden from view behind an acoustically 
transparent curtain and the experiment was conducted in the dark. Three programme items were 
used: Broadband white noise (N); 2 kHz low pass filtered noise (L); and 2 kHz low pass filtered 
noise with an additional 5.7-8 kHz bandpass filtered component (B). The additional L and B pro-
gramme items allowed the study of localisation with suppressed pinna cues. Three movement con-
ditions were studied: 
• Free movement – The listener could move their head in any way they wished  
• No Movement – The listener was not permitted to move the head during playback.  
• Forced Movement – The listener rotated their head in a regular periodic fashion be-
tween ±30° in azimuth.  
2.2 Head Movements & Localisation: Results 
The primary metric used in the experiment was the absolute response error. An ANOVA con-
ducted on the absolute elevation error showed programme item to be the most significant factor on 
the absolute elevation error (F (2,4437) = 41.991, p < 0.001, ηρ2 = .749). The N programme item 
caused a significantly more accurate response than either the B or L programme items. This indi-
cates that spectral cues may constitute the most significant factor in elevation localisation. Further-
more it indicates that listeners require a larger bandwidth than ½ an octave to stimulate pinna cues. 
The analysis of the movement condition factor was more complex due to high-level level in-
teractions with loudspeaker number and programme item. The movement condition factor alone 
was shown to be highly significant ((2, 4437) = 16.172, p < 0.001, ηρ2 = .532).  
When the listener was unable to move their head the elevation error was dependent on loud-
speaker azimuth. The azimuth-dependent errors indicated that pointing errors were present, caused 
by the listener being unable to sight rearward positions. The loudspeakers were therefore grouped 
based on their positions within the field of fixation. The field of fixation was defined as anywhere 
within a 45° angle of the listener’s eyes pointing straight ahead10. The groups were: 
1. Sources within the field of fixation of all movement conditions. 
2. Sources within the field of fixation of the forced-movement and free-movement 
conditions and not contained within Group 1. 
3. Sources within the field of fixation of the free-movement condition and not con-
tained within Groups 1 and 2. 
Figure 1 shows the mean absolute elevation error separated by loudspeaker group and movement 
condition. There are significant differences between the no movement condition and the other 
movement conditions for all loudspeaker groups. The differences apparent in loudspeaker group 1 
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were not due to fixation errors because all loudspeakers were within the field of fixation for all 
movement conditions in this group. Therefore, the differences must be due to a localisation cue 
gained through head movement. The differences between the forced and free movement conditions 
apparent for group 3 were due to pointing inaccuracies due to the field of fixation.  
The ANOVA also showed the movement condition*programme item interaction to be signifi-
cant and this interaction is plotted in Figure 2. Head movements improve elevation response accu-
racy for all programme items. Even in the presence of pinna cues head movements still improve 
response accuracy. By comparing the L and B programme items, listeners appear to be more effec-
tive at using pinna cues when both high and low frequency energies are present. By comparing the 
N and B programme items it is suggested that when pinna cues are impeded, the significance of the 
head movement cue increases. This is indicated by the larger reduction in error due to head move-
ment using the B programme item.  
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Figure 1. Absolute elevation error separated by 
loudspeaker group and movement condition                   
Figure 2. Absolute elevation error separated by 
movement condition and programme item 
2.3 Head Movements & Localisation: Conclusions 
The results above show that head movements improve elevation localisation response accura-
cy for noise sources. It was also suggested that head movement cues become more significant when 
pinna cues are suppressed.  
3. Head Movement Cues – Static or Dynamic? 
In the experiment detailed above, it was unclear whether head movements improved elevation 
response accuracy because of static cues created once the head had reached a new stationary posi-
tion or dynamic cues created through the act of moving the head.  
Previous research has shown that azimuth localisation response accuracy is higher when the 
source is directly in front of the listener11. If elevation accuracy is also higher in this position then it 
is possible that head movements allow the listener to reposition the source in front of them, and so 
take advantage of superior static cues. If, however, elevation localisation is no more accurate for 
frontal sources than it is for lateral sources then head movement itself must provide additional, dy-
namic, localisation cues. An experiment was therefore designed to determine relative elevation lo-
calisation response accuracies for frontal and lateral sources.  
3.1 Static or Dynamic Cues: Experiment Design 
The experiment, discussed in detail by Ashby et al12, was similar to one conducted by Butler 
and Humanski13. However, their experiment was confounded by their choice of response method14. 
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They used a numbered loudspeaker response method, which was argued to resolve the cone of con-
fusion and so simplify the localisation task. The experiment described in this paper used a laser-
guided head-pointing response method. Loudspeaker locations were concealed behind an acousti-
cally transparent curtain and the experiment was conducted in darkness.   
The experiment used 32 loudspeakers located 1.68 m from the listener on vertical planes radi-
ating at 0° (the median plane), 36°, 72° and 108° azimuth, numbered from 1-4 respectively, at ele-
vations ranging between -55° and +81° in approximately 15° intervals. A 4.5 second train of 150 ms 
noise bursts with 300 ms of silence was used as programme item and the listener was not permitted 
to move their head while the programme item played.  
3.2 Static or Dynamic Cues: The Results 
The absolute response error was the primary metric used in the experiment. An ANOVA on 
the absolute elevation error showed the loudspeaker variable to be significant (F (31, 1088) = 
10.903, p < 0.001, ηρ2 = 0.405).  
The loudspeaker number was separated into plane number and loudspeaker elevation number. 
The ‘loudspeaker elevation number’ factor numbered loudspeakers on each plane from the lowest to 
highest elevations. An ANOVA with the loudspeaker number replaced by plane number and loud-
speaker elevation number showed the interaction loudspeaker elevation number*plane was signifi-
cant (F (21, 1088) = 8,241, p < 0.001, ηρ2 =0.340). It was found that loudspeaker elevation numbers 
1 and 8 (the highest and lowest loudspeaker locations tested: below -40° and above +60° respective-
ly) had the highest response error on each plane. When the listener is unable to move their head, 
loudspeakers located far from the equatorial plane are harder to localise.  
To examine the effect for the remaining loudspeaker elevation numbers, a second ANOVA 
with loudspeaker elevation numbers 1 and 8 removed was conducted. This indicated that the loud-
speaker elevation number factor was no longer significant, while the plane number was significant 
(F (3, 1088) = 3.202, p = 0.031, ηρ2 =0.167). The absolute elevation error is plotted against plane 
number in Figure 3.  
Ashby et al Elevation Localisation on Vertical Planes 
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Figure 5 Mean absolute elevation error with 95% 
confidence intervals separated by plane number 
Significant differences can be seen between plane 3 and 
plane 1 and between plane 4 and plane 1. A Kruskal-
Wallis test, conducted to verify this assertion, showed 
the ‘plane’ variable to be significant (H (3) = 12.771, P 
= 0.005). The mean ranks showed the same order of 
error as the graph in Figure 5, with plane 3 being most 
accurate and plane 1 being least accurate.  
The differences between plane 3 and plane 4 were found 
to be non-significant. This shows that having a source in 
the rear right quadrant but at the same angle from the 
median plane did not significantly reduce elevation 
localisation response accuracy.  
3.2. Reported and Actual Angle Correlation 
A Pearson’s Correlation test, conducted on the listener’s 
reported elevation data and actual elevation data, 
showed that the two variables were closely correlated 
for all the planes (Table 2). All correlations were shown 
to be significant. 
Plane&Number Pearson&Correlation Significance1 0.938 <0.0012 0.963 <0.0013 0.969 <0.0014 0.968 <0.001
Plane&Number Pearson&Correlation Significance1 0.929 <0.0012 0.946 <0.0013 0.956 <0.0014 0.957 <0.001
 
Table 2 Pearson’s correlation test results for each plane 
This is an unsurprising finding: as the actual 
loudspeak r elevation was increased, the reported 
loudspeaker elevation increased. However, there is also 
a trend of increasing correlation as the azimuth angle 
from the median plane is increased. It was suggested 
that the inaccuracy of response to loudspeakers 1 and 8 
on certain planes might have reduced the correlation on 
the median plane. However, the test was repeated using 
only loudspeaker 2 – 7 and the results were similar 
(Table 3).  
Plane&Number Pea son&Correlation Significance1 382 633 694 0.968 <0.001
Plane&Number Pearson&Correlation Significance1 0.929 <0.0012 0.946 <0.0013 0.956 <0.0014 0.957 <0.001
 
Table 3 Pearson’s correlation test results for each plane 
excluding loudspeakers 1 and 8 
This is a further indication that elevation response 
accuracy was increased as the azimuth angle from the 
median plane was increased. 
3.3. Response Bias 
The signed elevation error of the listener, plotted in 
Figure 6, gives an indication of the elevation response 
bias.  
 
Figure 3. Absolute elevation error separated by plane number 
It can be seen from this plot that the further the loudspeaker is placed away from the median 
plane, the more accurate the elevation response accuracy. 
3.3 Static or Dynamic Cues: Conclusions 
The results presented above show that elevation localisation is no more accurate for median-
plane sources than it is for sources to the side.  Indeed, there is evidence that accuracy is greater for 
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sources to the side. When head movement is available, however, listeners in sound source localisa-
tion experiments generally use it to position sources on the median plane, where elevation cues are 
inferior.  The improved localisation accuracy resulting from head movement must therefore be due 
to dynamic cues created by the movement itself.  
4. Frequency Dependency of Head Movement Cues 
It has been shown that head movements improve both elevation localisation accuracy and that 
the improvement in elevation localisation accuracy is due to a dynamic cue created through head 
movement. However, it is unclear whether this cue is dependent on dynamic ITDs or dynamic 
ILDs. Rayleigh’s duplex theory stated that ITDs are salient at low frequencies while ILDs are sali-
ent at high frequencies. Therefore, in order to determine the nature of the dynamic cue, the effect of 
head movement on localisation accuracy was investigated for ½ octave band-limited programme 
items at three centre frequencies: low (500 Hz), medium (2000 Hz) and high (6000 Hz). 
4.1 Frequency Dependency of Head Movement Cues: Results 
An ANOVA on the absolute elevation error data showed that, although programme item fac-
tor was significant (F (1, 1632) = 22.118, p = 0.002, ηρ2 = 0.76), no significant difference due to the 
programme item*movement condition interaction was present. Head movements were shown to 
improve elevation localisation to a similar degree for both the high and low frequency ranges, 
which indicates that both dynamic ILDs and dynamic ITDs were used to localise elevation (Figure 
4). Even without the presence of pinna cues, head movements still improved localisation accuracy, 
which suggests that head movements are dependent on a dynamic interaural cue.  
The ‘high’ frequency programme item has the lowest mean absolute elevation error. The mid-
dle programme item was shown to be the least accurately localised frequency region. Poorer locali-
sation reporting accuracy for this frequency range has also been found for azimuth in previous stud-
ies15. According to the duplex theory, this frequency region is the crossover between localisation 
being predominately ITD vs predominantly ILD based, so neither cue is in its optimum frequency 
range. Head movements were also shown to improve elevation localisation response accuracy more 
for loudspeakers placed further from the equatorial plane (Figure 5). 
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Figure 4. Absolute elevation error separated by 
programme item and movement condition 
Figure 5. Absolute elevation error separated by 
actual speaker elevation and movement condition
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4.2 Bandwidth Experiment: Results 
A second experiment tested 4 programme items of varying bandwidths, all centred at 6 kHz.  
1) Octave Bandwidth White Noise (4243-8485 Hz cutoff) 
2) Half-Octave Bandwidth White Noise (5063-7861 Hz cutoff) 
3) Quarter Octave Bandwidth White Noise (5502-6543 Hz cutoff) 
4) Sine Tone 
Although the movement condition factor was not found to be significant, the programme 
item*movement condition interaction was significant (F (3, 2176) = 9.528, p < 0.001, ηρ2 = 0.576). 
Head movement was only shown to have a significant effect on the octave bandwidth programme 
item (Figure 6). For sources with a bandwidth of ½ an octave or less, head movements do not sig-
nificantly improve elevation localisation response accuracy. 
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Figure 6. Absolute elevation error separated by loudspeaker elevation and programme item 
5. Conclusions 
A multiple-microphone-sphere-based localisation model has been developed that predicts 
source location by modelling the cues given by head movement. The impact of head movement 
cues on the localisation response accuracy of human listeners is unverified by previous research. 
A series of experiments was devised to determine more about the nature and significance of 
head-movement-related localisation cues. It was shown that head movements improve elevation 
localisation response accuracy for broadband noise sources. When pinna cues are impaired the sig-
nificance of head movement cues increases. 
When a listener is unable to move their head, the further the loudspeaker is placed away from 
the median plane, the more accurate the elevation response accuracy. When coupled with the find-
ing that listeners orient to face the source when free to move their head, this shows that dynamic 
cues created through the movement of the head cause the improved elevation response accuracy due 
to head movement. 
Head movements improve elevation localisation to a similar degree for band-limited sources 
with differing centre frequencies, which indicates that both dynamic ILDs and dynamic ITDs are 
used. Head movements do not improve elevation response accuracy for programme items with less 
than an octave bandwidth. Head movements improve elevation response accuracy to a greater de-
gree for sources further away from the equatorial plane. 
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The findings of this paper can inform the development of an improved head-movement-aware 
localisation model, providing a more accurate representation of the human localisation system. 
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